Heterotrimeric G-proteins are intracellular signaling partners for the large family of seven transmembrane (TM) 1 helix G-protein-coupled receptors (GPCRs). An agonist-activated GPCR (R*) binds to the inactive G α (GDP)•G βγ heterotrimer to promote GDP release and GTP uptake. The binding of GTP results in conformational changes in G α (reviewed in Ref. 1) ultimately leading to the dissociation of G βγ . Both GTP-bound G α and G βγ are capable of initiating signaling cascades through interactions with downstream effectors such as adenylyl cyclase, cGMP phosphodiesterase and various phospholipases or ion channels (reviewed in Ref.
2). The intrinsic GTPase activity of G α results in the hydrolysis of GTP to GDP, returning G α to its inactive GDP-bound ground state. G α (GDP) eventually reassociates with G βγ thereby terminating all effector interactions.
Activation of the retinal heterotrimeric Gprotein transducin (G t ) by the GPCR rhodopsin represents an excellent model system to probe the molecular details of activated GPCR/G-protein interactions. Rhodopsin, the rod cell photoreceptor involved in dim-light vision, is by far the beststudied GPCR in terms of structure and function (3) . Light triggers the cis → trans isomerization of the retinal chromophore to initiate structural changes in the TM helices that results in the formation of the light-activated signaling state, metarhodopsin II or R*. This is accompanied by small, yet functionally significant changes in the solvent-exposed cytoplasmic loops that lead to the formation of binding and activation sites for several signaling proteins, including G t (2) (3) (4) . Importantly, crystal structures of the dark (inactive) state of bovine rhodopsin have been solved and refined providing valuable insights into the overall structural organization of this and other GPCRs (5) (6) (7) (8) (9) .
Crystal structures of G α , including G tα (10) (11) (12) (13) (14) (15) , and G βγ (16) subunits, as well as G αβγ heterotrimeric complexes (17, 18) , have provided important insights into the structural rearrangements accompanying guanine nucleotide exchange and the GTPase cycle. The G α subunit ( Fig. 1) is composed of two domains: a guanine nucleotide binding domain with high structural homology to the Ras family of GTPases, and an all α-helical domain that, in combination with the GTPase domain, helps to form a deep pocket for binding the guanine nucleotide (reviewed in Ref.
3). G α subunits contain three flexible regions designated switch I, switch II, and switch III that have been shown to adopt different conformations in the presence of GDP, GTPγS, and other nucleotide adducts and analogs (11, 13) . The GTP-bound form of G α , which can be mimicked by the non-hydrolyzable GTP analog GTPγS, has decreased affinity for G βγ and increased affinity for G α effectors. The GTPase domain of G α (Fig.  1) , a variation on the nucleotide-binding fold (19) , adopts a similar conformation to that observed in crystal structures of elongation factor Tu (EF·Tu) and Ras (20, 21) . The helical domain represents an insertion between the α 1 helix and the β 2 strand of the core GTPase domain and folds into a six α-helix bundle. Interactions among residues which span the two domain interface are thought to be involved in R* catalyzed guanine nucleotide exchange and subsequent G-protein subunit dissociation (22) . G α subunits also contain an extended amino-terminal region of 26-36 amino acid residues. The first 23 residues appear to be disordered in the structure of G tα in both the GDPand the GTPγS-bound states (11, 13) . In contrast, structures of the G α (GDP)·G βγ heterotrimer indicate that this region forms an α-helix that interacts with G β (17, 18) . Recent findings suggest that in addition to G βγ binding, Nmyristoylation of G α also imparts structural rigidity to the amino-terminus (23, 24) . The extreme carboxyl-terminal region is also unresolved in the various crystal structures of G tα (11, 13, 14, 17) , and in the corresponding structures for the α-subunit of the inhibitory Gprotein, G i1α (10, 12, 18) . High-resolution NMR methods, however, have provided insights into the structures of carboxyl-terminal G tα peptides encompassing this region when bound to lightactivated rhodopsin (25) (26) (27) .
G βγ is a functional heterodimer that forms a stable structural unit. All G β subunits contain seven WD (Trp-Asp) repeats that form small antiparallel β strands (28) . Crystal structures of the G βγ dimer and G αβγ heterotrimers show that the WD repeats fold into a four-stranded seven-bladed β-propeller, or toroid-like structure, while the amino-terminus forms an extended α-helix (Fig. 1,  and 16-18 ). G γ folds into two α-helices (Fig. 1) . The amino-terminal helix forms a coiled-coil with the α-helix of G β , while the carboxyl-terminal helix makes extensive contacts with the base of the G β propeller. Unlike G α , the G βγ dimer does not appear to change conformation upon dissociation from the heterotrimer (16) . Further, G βγ association with G α prevents G βγ from activating its effectors (1) .
Despite this wealth of available structural data, many questions remain surrounding R*/G-protein interactions, and specifically, the functional role of G βγ in facilitating G α (GDP) binding to the activated receptor and the subsequent release and exchange of bound GDP for GTP. Previous work has demonstrated that G-protein binding to an activated GPCR requires the presence of both G α and G βγ subunits, suggesting both a direct and indirect role for G βγ in enabling R* interactions (52) . In addition, R* catalyzed GDP release from G α has been proposed to be mediated by G βγ through two different mechanisms [the 'lever arm' (59) and 'gear shift' (60) models] based on available structural and biochemical data, as well as analogies to proposed mechanisms for guanine exchange factor (GEF) stimulated guanine nucleotide exchange in monomeric G-proteins. Clearly, a structural understanding of the conformational changes accompanying these processes poses many unique challenges given the inherently dynamic nature of the interactions. Thus, while the crystallographic studies have been instrumental in obtaining 'snapshot' structures of dark-state rhodopsin and have revealed guanine nucleotide dependent structural rearrangements in the switch-I, -II, and -III regions of G α , conformational changes in G α which accompany R*/G αβγ interactions remain unknown. Moreover, elucidation of the structural mechanism for R* stimulated guanine nucleotide is severely hampered by a limited knowledge of the structures of the amino-and carboxyl-terminal regions of G α , which are critical for a functional interaction with R*.
As a initial step towards applying highresolution NMR methods to study the structure and dynamics of G α in the heterotrimer state and in R*/G αβγ complexes, we previously showed that a G α chimera comprised of amino acids 1-215 and 295-350 from G tα , with an intervening sequence from G i1α (Chi6, Ref. 29) , can be expressed to high levels in a soluble form using a subtilisin prodomain fusion construct (proR8FKAM) and purified in a single step using an immobilized 'slow-cleaving' mutant form of subtilisin (30) . The mature, full-length chimera protein, which we call ChiT, exhibits a molecular mass of ~ 40 kDa and has biochemical properties similar to those of G tα isolated from bovine retina. Most importantly, milligram quantities of isotope-labeled ChiT can be purified using this expression/purification approach, enabling functional studies under solution NMR experimental conditions. In this paper, we show that ChiT can be reconstituted with G tβγ subunits to form a functional heterotrimer that is amenable to structural analysis by high-resolution NMR, thereby allowing us to probe differences in the conformation of G α in various states as well as the structural basis for signal transfer from R* to the heterotrimeric Gprotein. Surprisingly (Lincoln, NE). The pG58 expression vector, a fusion vector encoding a modified 77 amino acid prodomain region of subtilisin BPN' (proR8FKAM), the pG58 derived expression vector encoding a G tα /G i1α chimera (Chi6) as a proR8FKAM fusion, and preparation of the S189 subtilisin BPN' HiTrap NHS column, have been described (30, 31) .
Construction of ChiT mutants. The F350A and F350W mutants were generated using the QuikChange II mutagenesis kit according to the manufacturer's instructions with the pG58 expression vector encoding the prodomain/Chi6 fusion serving as the template. The resulting mutations were verified by DNA sequencing. Construction of the W127F, W207F, and W254F mutants has been described (30) .
Expression and purification of subtilisin prodomain/Chi6 fusions. Detailed protocols for the inducible expression and purification of isotope-labeled G α have been described (30) . Briefly, E. coli BL21 cells harboring the pG58 expression vector encoding the proR8FKAM fusion upstream of a chimeric G α gene, Chi6 (29) , were grown in minimal media supplemented with 1g/L of 15 NH 4 Cl as the sole nitrogen source and 100 µg/ml ampicillin at 26 ºC to A 550 ~ 0.3, and then induced with 30 µM IPTG for 12 hr at 26 ºC. The cell pellet was resuspended in 50 mM TrisHCl, pH 8.0, containing 50 mM NaCl, 150 µM GDP, 5 mM MgCl 2 , 5 mM β-mercaptoethanol, 0.1 mM PMSF, and a protease inhibitor tablet and then disrupted by sonication. The supernatant obtained by centrifugation of the cell lysate at 100,000 x g for 45 min was collected and loaded onto a S189 subtilisin BPN' HiTrap NHS column (31) . The prodomain released ChiT was eluted after 12 hr in 10 mM Tris-HCl, pH 7.5, containing 100 mM NaCl, 5 mM MgCl 2 , 2.5 mM DTT, 50 µM GDP, and 0.1 mM PMSF (Buffer A). For NMR analysis, the purified, isotope-labeled protein was concentrated and dialyzed against 25 mM d 11 Tris-HCl, pH 7.5, containing 100 mM NaCl, 5 mM magnesium acetate, 2.5 mM DTT, 50 µM GDP and 5% glycerol (Buffer B), or eluted directly from the column in Buffer B. All ChiT constructs were purified in a similar manner.
Reconstitution of ChiT with G tβγ to form the G αβγ heterotrimer. G t was prepared from bovine retina by the method of Fung et al. (32) . To separate the G tα and G tβγ subunits, purified G t in Buffer A containing 50% glycerol was diluted three times with the same buffer without glycerol and applied to Blue-Sepharose CL-6B equilibrated with 10 mM MOPS, pH 7.5, containing 5 mM magnesium acetate, and 2.5 mM DTT. G tβγ does not bind to the resin and is obtained from the flow through. The column was washed with equilibration buffer and G tα eluted in the same buffer containing 2M NaCl. The purified G tα and G tβγ subunits were concentrated and stored at -20 o C in Buffer A containing 50 % glycerol (plus 50 µM GDP in the case of G tα ). The G-protein heterotrimer was reconstituted from ChiT and G tβγ essentially as described (33 2+ bound form of ChiT and G tα in isolation and in heterotrimer were determined in signal/reference mode essentially as described (34) using a FluoroMax-2 spectrofluorometer (Instruments SA, Edison, NJ) with a 0.3 cm square cuvette at 20 ºC. Emission spectra were recorded over the wavelength range of 310 to 450 nm with an excitation wavelength of 290 nm. The spectral excitation and emission band pass was 5 nm for all spectra, with a signal integration time of 1 sec. The 150 µl assay mixture contained 150 nM of either ChiT, G tα , ChiT reconstituted heterotrimer, or G t in 50 mM Tris-HCl, pH 8.0, containing 50 mM NaCl, 2 mM MgCl 2 , and 1 mM DTT. The aluminum fluorideinduced changes were measured by adding 5-10 µl of AlCl 3 (300 µM) and NaF (10 mM) separately, or as a premixed solution. The fluorescence data was analyzed as described (35) .
Detergent solubilization and purification of rhodopsin. Rhodopsin containing rod outer segments (ROS) were prepared from bovine retina using a standard protocol (36) . Rhodopsin was solubilized in phosphate-buffered saline (PBS), pH 7.0, containing 1% Cymal-5 and purified on immobilized rho-1D4 using methods previously described (37, 38) in PBS, pH 7.0, containing 0.1 % Cymal-5. Rhodopsin concentrations were determined by UV/visible absorption spectroscopy using a λ6 spectrophotometer.
Filter binding assay for measuring G-protein mediated guanine nucleotide exchange.
The functionality of the ChiT reconstituted heterotrimer was examined by following the lightactivated rhodopsin catalyzed uptake of [ 35 S]GTPγS by G-protein using a nitrocellulose filter binding assay (39, 40) . The filter-binding assay is based on the property that G-protein and its bound [ 35 S]GTPγS are retained on nitrocellulose filters, whereas free [
35 S]GTPγS passes through the filters. The 500 µl assay mixtures initially contained 100 nM ROS rhodopsin solubilized and purified in Cymal-5 detergent and 4 µM G t , G tα reconstituted heterotrimer, or ChiT reconstituted heterotrimer in 10 mM Tris-HCl, pH 7.5, containing 100 mM NaCl, 5 mM MgCl 2 , and 2 mM DTT. The samples were illuminated (> 495 nm) for 1 min, or allowed to remain in darkness, and the reactions were initiated by the addition of 5 µM
The final concentration of Cymal-5 detergent and glycerol in the assay mixture were 0.08% and 5%, respectively. After various time intervals (30 sec to 5 min) at 20 o C, 50 µl of the reaction mixture was removed and filtered through nitrocellulose with the aid of a vacuum manifold. The filters were washed four times with 5 ml of 10 mM Tris-HCl, pH 7.5, containing 100 mM NaCl, 5 mM MgCl 2 , and 2 mM DTT, dried, and analyzed for 35 S radioactivity by scintillation counting. 13 C, 15 N Z-axis gradient cryoprobe and linear amplifiers on all three channels. Spectra were collected on 15 N-ChiT samples (150 -300 µM) in Buffer B. The nitrogen frequency was centered at 118 ppm and the proton frequency on H 2 O (~ 7.5 ppm). 1D spectra were collected using a sweep width of 7,200 Hz and 2K complex points; while 2D data were collected using sweep widths of 7,200 Hz in ω 2 and 2,000 Hz in ω 1 , 2K by 128 complex data points in t 2 and t 1 , respectively, (t 1max = 293 ms and t 2max = 64 ms) and 128 scans per increment. All spectra were processed and analyzed on SGI UNIX or PC LINUX workstations using NMRPipe (42) .
Trp indole and Phe-350 resonance assignments.
Trp indole 1 HN and 15 N resonances were assigned using ChiT mutants as previously described (30) . Note that G tα contains two Trp residues at positions 127 and 207, while ChiT contains an additional Trp residue at position 254 that is derived from the G i1α sequence. The Phe-350 amide resonances were assigned through mutation of this residue to alanine (F350A) or tryptophan (F350W). By comparison of wild-type and mutant HSQC spectra, assignment could be made via the observation of a shift in a single resolved 1 HN, 15 N cross peak belonging to residue 350.
Other Methods. Protein samples were analyzed by SDS-PAGE (43) with a 5% stacking gel and a 12% resolving gel and visualized by Coomassie blue staining. Protein determinations were done using the method of Peterson (44) with BSA as the standard. 15 N-ChiT. Attempts to generate functional G tα through inducible bacterial expression have not been successful due to insolubility of the expressed protein. This has led to the design and construction of numerous G α chimeras comprised of various sequences from G tα and G i1α , some of which are more amenable to soluble expression (29, 45) . The Chi6 chimera (29) , which is comprised of amino acids 1-215 and 295-350 from G tα , and an intervening sequence (amino acids 216-294) from G i1α , contains the switch I, switch II, and receptor interacting aminoand carboxyl-terminal regions of G tα , and the switch III region of G i1α. Importantly, Chi6 exhibits basal guanine nucleotide exchange rates comparable to those of G tα (29, 35) . We previously showed that this G α chimera can be expressed to high levels in minimal media formulations in a soluble form as a subtilisin BPN' prodomain fusion and milligram quantities could be obtained in a single chromatographic step using an immobilized subtilisin mutant (30) . The prodomain released, full-length G α chimera (ChiT), has biochemical properties similar to those of G tα isolated from bovine retina. More importantly, 15 N-labeled preparations of ChiT are amenable to study under NMR experimental conditions and undergo AlF 4 -dependent conformational changes (30) , providing an opportunity to study the solution structures of G α in various states. As shown in Fig. 2A , isolated G tα (lane 1) and purified ChiT (lane 2) comigrate and exhibit the same apparent molecular mass of ~ 40 kDa by SDS-PAGE. Moreover, reconstitution experiments with isolated G tβγ subunits ( Fig. 2A , lane 3), followed by analysis of the resulting protein complexes by SDS-PAGE, demonstrate that both G tα and ChiT form the corresponding heterotrimers ( Fig. 2A , lanes 4 and 5, respectively). The heterotrimers are stable and show the expected 1:1 α-to βγ-subunit stoichiometry, thereby allowing us to investigate changes in the structure of ChiT accompanying heterotrimer formation and during R*/G-protein interactions by high-resolution NMR. -treatment. This is consistent with previous studies (34, 35) that have shown approximately the same increase in fluorescence emission for G tα . After reconstitution with G tβγ , the ChiT containing heterotrimer showed a significantly lower level of AlF 4 -induced increase in fluorescence emission (~ 10 -12 %) that was similar in magnitude to the fluorescence change observed for intact G tαβγ (Fig. 2C) . Since the intrinsic tryptophan fluorescence emission spectrum of G βγ is not significantly changed by addition of AlCl 3 and NaF (data not shown), the decreased fluorescence response of ChiT demonstrates that it effectively binds G tβγ to form a stable heterotrimer. R* catalyzed guanine-nucleotide exchange by the reconstituted heterotrimer. To test the guanine nucleotide exchange activity of the ChiT reconstituted heterotrimer, light-activated rhodopsin (R*) catalyzed GTPγS uptake was examined using a filter binding assay (Fig. 3) . The ChiT reconstituted heterotrimer shows nearly the same kinetics and levels of R* stimulated guanine nucleotide exchange activity as G tαβγ and reconstituted heterotrimer formed from isolated G tα and G tβγ . These findings clearly show that the G α chimera produced through bacterial expression as a subtilisin prodomain fusion not only retains the capacity to associate with G-protein βγ-subunits, but also exhibits comparable R* stimulated guanine nucleotide exchange.
RESULTS
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15 N-ChiT reconstituted heterotrimer. Having previously shown that 15 NChiT can be prepared and studied by highresolution NMR (30), we set out to determine whether the ChiT reconstituted heterotrimer, an 85 kDa complex, is also amenable for NMR study. For this purpose, 15 N-ChiT in complex with GDP/Mg 2+ was titrated with purified, unlabeled G tβγ to form a selectively ChiT-labeled heterotrimer. One-dimensional (1D) 15 N-filtered spectra were collected to track the titration and showed that reconstitution of 15 N-ChiT to form the heterotrimer resulted in both shifting and broadening of ChiT amide resonances (Fig. 4) , which are attributed to the formation of the larger molecular weight complex. Figs. 5A-C) , with cross peak assignments indicated. These regions of the spectra clearly show a shift in the G α structure from a 'ground' (cross peaks in black contours) to a 'transition/activated' state conformation (cross peaks in red [AlF 4 -adduct] and blue [heterotrimer] contours) which is in slow exchange on the NMR timescale (µs -ms). Note that the broadening of the Trp-207 indole cross peak in the heterotrimer spectrum appears more severe relative to cross peaks observed for the Trp-127 and Trp-254 indoles, as well as other amide correlations in the spectrum, suggesting that this residue, which is located in the flexible switch II, is more conformationally dynamic in the heterotrimer state.
In addition, cross peak intensity is observed in both the 'ground' and 'transition/activated' state positions for the amide correlation of residue Phe-350 in both heterotrimer and GDP•AlF 4 -/Mg 2+ -bound ChiT, suggesting that the extreme carboxyl-terminus is in a dynamic equilibrium between these two conformations in these G α states.
Our understanding of the structural basis for function in heterotrimeric G-proteins has come predominately from a number of high-resolution crystallographic studies of isolated G α and G βγ subunits as well as the holoenzyme (10) (11) (12) (13) (14) (15) (16) (17) (18) . While these structures reveal conformational changes in the three switch regions, and thus provide a structural basis for understanding the specificity of interactions in the GDP/Mg 2+ -and GTP(GTPγS)/Mg 2+ -bound states of G α and the Gprotein heterotrimer, they provide little information regarding the structures of the functionally significant amino-and carboxylterminal regions, and more generally, how activated GPCRs catalyze GDP/GTP exchange. Similarly, the availability of a crystal structure for the quiescent state of bovine rhodopsin has had a significant impact on our understanding of the functional organization for this light-sensing GPCR. What remains unclear, however, is how a heterotrimeric G-protein recognizes and interacts with an activated GPCR, R*, leading to guanine nucleotide exchange. Our knowledge of the steps involved in these dynamic processes has largely been the realm of biochemical, mutational, and biophysical studies, which in combination with the crystallographic data, have provided meaningful insights into the mechanism of signal transfer from R* to the G-protein (reviewed in Refs. 1 and 47). High-resolution NMR studies have also contributed to our understanding of R*/G-protein interactions. In particular, transferred nuclear Overhauser enhancement spectroscopy (TrNOESY) methods have provided clues into the structures adopted by carboxyl-terminal G tα and G tγ peptides upon binding to light-activated rhodopsin or a soluble mimic of R* (25-27, 48, 49) . While such information is useful for understanding structural transitions at specific, localized regions of the G-protein, it is clearly evident that a comprehensive understanding of how R* catalyzed global changes in the structure of the G-protein, or its constituent subunits, are coupled to the process of guanine nucleotide Taken together, the NMR data suggests that G βγ association induces a change in the G α conformation of switch II from the 'ground' state conformation (GDP/Mg -bound forms). In addition, the NMR data also suggests that heterotrimer formation alters the structure of the 'ground' state conformation (GDP/Mg 2+ -bound) of the carboxylterminus and that this conformation can also be induced by formation of the AlF 4 -adduct of the GDP/Mg 2+ -bound form of ChiT. The carboxylterminus of the R* generated GTPγS/Mg 2+ -bound form of ChiT is also found to be in a similar 'transition/activated' state. exchange will absolutely require structural studies on the functionally intact proteins or protein assemblies.
We have previously shown that milligram quantities of full-length and functional isotopelabeled ChiT can be prepared using a coupled expression/purification approach based on the interaction between the prodomain region of subtilisin BPN' and a mutant form of the mature enzyme (30 Collectively, these findings showed that backbone and selected side chain resonances can be used to map at atomic resolution changes in the structure and dynamics of G α and raised the prospect that the application of high-resolution NMR methods could be used to study the process of heterotrimer formation and R* stimulated guanine nucleotide exchange.
ChiT can be reconstituted to form a functional heterotrimer. The ability of ChiT to form a functional heterotrimer with G tβγ as evidenced by differences in the level of AlF 4 -dependent enhancement of intrinsic tryptophan fluorescence relative to ChiT (Figs. 2B and 2C) , and the ability of the reconstituted heterotrimer to undergo R* catalyzed guanine nucleotide exchange (Fig. 3) , demonstrates that our preparations of ChiT exhibit functional properties similar to those of isolated G tα . With regard to this latter point, it should be noted that bacterially expressed ChiT lacks Nmyristoylation, a posttranslational modification found on G tα (50, 51) that appears to impart both structuring and stability to the amino-terminus, as well as facilitate R* interactions (24, 52) . The finding that the ChiT reconstituted heterotrimer shows nearly the same kinetics and levels of R* stimulated guanine nucleotide exchange activity as G tαβγ is consistent with previous observations that indicate farnesylated G tγ , which is present in our reconstituted heterotrimers, is sufficient for effective heterotrimer binding to light-activated rhodopsin in ROS membranes (52) .
The observed decrease in sensitivity of the ChiT reconstituted heterotrimer to AlF 4 -dependent changes in intrinsic tryptophan fluorescence, relative to the isolated subunit, is quite striking. AlF 4 -is a well known 'activator' of heterotrimeric G-proteins, and in the presence of GDP and Mg (Fig. 4) -bound states. Moreover, the conformational changes in the carboxyl-terminus observed by NMR upon G βγ association could pre-organize this region for R* interaction. Furthermore, the NMR data suggests that conformational changes in the switch II region of G α upon G βγ association results in a 'transition/activated' structure with a guanine nucleotide binding site that is poised to make favorable contacts with the γ-phosphate of GTP. Through these structural changes in the guanine nucleotide binding site and the carboxyl-terminal region, G βγ association may therefore function in stabilizing a G α (GDP) conformation that is primed to facilitate R* catalyzed guanine nucleotide exchange. (Fig. 6D ) reveals very similar conformations for all three switch regions, with the most significant differences between these states found in switch I.
Comparison of the NMR results with the conformations of the switch II and
The differences in the conformation of G α in some of these crystal structures is further exemplified by comparing the relative positions of Trp-207 in switch II and Trp-254 in α 3 , two of the three tryptophan residues which exhibit similar perturbations in the indole 1 -bound form of G tα . In this context, it should be emphasized that while the crystal structure of G i1α in complex with G β1γ2 shows similarities with the switch regions of the GDP/Mg 2+ -bound Chi6 reconstituted heterotrimer (17, 18) , the trajectory of the α-subunit relative to G βγ is different, raising the possibility of structural heterogeneity in the conformation of the G-protein heterotrimer. Alternatively, it is also possible that crystal contacts between individual heterotrimers may induce a conformation that is different from that present in solution. Quite interestingly, modeling of the GDP·AlF 4 -/Mg 2+ -bound form of G tα onto the heterotrimer structure through alignment of the switch II contact regions shows that this conformationally flexible region of G α can be readily superimposed and results in only minor changes in interfacial contacts (Fig. S2) . The overall orientation of this 'transition/activated' state of G α relative to G βγ is quite different from that observed in the GDP/Mg 2+ -bound Chi6 reconstituted heterotrimer crystal structure, resulting in a rotation of the helical domain of G α towards the amino-termini of G βγ . Intriguingly, this rotation brings residues from the helical domain of G α into closer contact with those from G βγ . This modeling is quite analogous to the observed heterogeneity between the two crystal structures observed for the heterotrimer. It is also consistent with subunit rearrangements proposed by the 'gear shift' mechanism (60) . In this model, the interaction of R* with the heterotrimer is postulated to induce guanine nucleotide exchange through a close packing of the G α and G β interface and creation of additional contacts between the helical domain of G α and amino-terminal region of G γ . Clearly, complete assignment and analysis of the solution structures for the various states of G α will be required to resolve the details of the apparent differences between the solution data and the available crystal structures.
Comparisons of the NMR results with structures of the monomeric GTPases in complex with cognate GEFs.
Crystal structures for EF·Tu/EF·Ts, Ras/Son of sevenless (SOS), and Rac1/T lymphoma invasion and metastasis factor 1 (Tiam1) have revealed that these GTPase/GEF complexes share many similarities with each other, including the role of the cognate GEF in destabilizing bound Mg 2+ interactions (55) (56) (57) (58) . Although these GTPases are tightly regulated against spontaneous activation and rely on their cognate GEFs to catalyze the exchange of bound GDP for GTP, unlike heterotrimeric G-proteins, these GTPases proceed through a receptorindependent pathway to facilitate guanine nucleotide exchange. Thus, direct comparisons of the structures for these complexes with the NMR results reported here are of limited value in regard to the mechanism of GDP/GTP exchange. Nonetheless, inspection of the crystal structures for EF·Tu/EF·Ts, Ras/SOS, and Rac1/Tiam1 clearly shows that the switch I and II regions in these complexes are remodeled by association with the respective GEF, resulting in guanine nucleotide exchange. Therefore, the observed pre-organization of the switch II region of G α by G βγ is somewhat analogous to the functional role of the GEFs. In the case of heterotrimer formation, however, G βγ interactions appear to 'pre-activate' the guanine nucleotide pocket to favor GTP binding, rather than create an opening in the pocket to facilitate GDP/GTP exchange.
Functional implications of a 'pre-activated' G αβγ . Our solution NMR results suggest that association of G βγ with G α confers a conformation that is predisposed to favor both R* binding and GDP/GTP exchange. Upon association with G βγ , G α (GDP) undergoes structural changes in the R* interacting amino-and carboxyl-terminal regions, as well as the switch regions surrounding the guanine nucleotide binding pocket (Fig. 7) . G βγ binding, while apparently shifting the G α structure to a 'pre-activated' form, displays at least two conformational states for the carboxyl-terminus which are in equilibrium. These changes in G α may not only prime G α for interaction with R* interactions (via the carboxyl-terminus), but also pre-organize the guanine nucleotide pocket for GDP/GTP exchange (via switch II). The finding that G βγ association confers structural changes in the switch II and carboxyl-terminal regions of G α (GDP) may provide certain energetic and kinetic advantages in terms of R* interactions and GDP/GTP exchange.
For example, preorganization of the guanine nucleotide binding pocket prior to R* interactions might facilitate binding of GTP to G αβγ in the R* catalyzed exchange of GDP for GTP. A pre-organized guanine nucleotide pocket in the 'empty pocket' state following R* catalyzed release of GDP (Fig.  7) , in which switch II has adopted a conformation that is poised to make favorable contacts with the γ-phosphate of GTP, would energetically favor GTP uptake to form G α (GTP)G βγ . It should be noted, however, that although G α in the GDP/Mg 2+ -bound form of the heterotrimer shares a similar conformation to that observed for the 'transition/activated' state of G α , it is not capable of interacting with downstream effectors since they bind to the same regions on G α (switch II and α 3 -β 5 ) as G βγ (17, 18, 29, (61) (62) (63) (64) .
Similarly, since it is well known that G α requires the presence of G βγ for effective receptor binding, a change in the conformation of the receptor interacting carboxyl-terminus (and amino-terminus, Ref. 23 ) of G α may provide a 'hook' to facilitate binding of the heterotrimer to the cytoplasmic surface of R*. Whether the observed conformational transition at the carboxyl-terminus is analogous to the 'unmasking' of this region of G α by G βγ , as proposed by Ernst, Hofmann, and colleagues (52), deserves further study.
Conclusions.
We have shown that isotope-labeled ChiT, a G α chimera, can be reconstituted with unlabeled G βγ subunits to form a heterotrimeric Gprotein that is amenable to study under NMR experimental conditions.
Our comparative analysis of HSQC spectra acquired for the GDP/Mg -350) regions, suggesting that G βγ acts to 'preactivate' G α for R* binding and guanine nucleotide exchange. A requirement for such G βγ induced changes in the conformation of G α may explain why G α (GDP) in isolation fails to bind to R*. The results from this study differ from those based on the previously reported heterotrimer crystal structures and suggest that additional solution measurements will be required to gain a complete picture of the role of the flexible switch regions in G α function. It is anticipated that further assignment of chemical shifts and structural analysis of other states of G α , including those in complex with R*, will provide additional important clues into the differences between solution and crystalline states, as well as provide new insights into the mechanism of signal transfer from R* to the G-protein. -bound form of the G-protein heterotrimer crystal structure. The GTPase and helical domains of the α-subunit are colored in aquamarine and green and the βγ-subunits shown in yellow and blue ribbon, respectively. Switch I, II, and III regions of the α-subunit are labeled and shown with red ribbons and Trp residues W127, W207, and W254 are labeled and highlighted in white (shown in CPK). The amino-and carboxyl-termini of G α are labeled and the bound GDP is in purple and shown in CPK. As indicated in the text, portions of the amino-and carboxyl-termini of G α are not observed in the various crystal structures of G α or G αβγ . In G αβγ , residues 6-23 in the amino-terminus of G α are observed as an α-helix, while residues 1-5 in the amino-terminus and 344-350 in the carboxyl-terminus are unresolved. The image was generated using PDB id 1GOT. Spectra were acquired at pH 7.5 and 30 ºC using a Bruker 600 MHz NMR Cryoprobe system as described in 'Experimental Procedures'. A schematic representation of the proposed conformational changes in G α coupled to heterotrimer formation and interaction with R*. The GTPase and helical domains of G α are shown in aquamarine and green, respectively, G β is shown in yellow, and G γ in blue. The region representing the guanine nucleotide binding pocket in G α is shown in blue in the ground state, and red in the activated state. GDP and GTP are shown in salmon and purple, respectively. Upon association of G α (GDP) with G βγ , G α undergoes structural changes in the R* interacting amino-and carboxyl-terminal regions, as well as the switch regions surrounding the guanine nucleotide binding pocket. The results of this study suggest that G βγ binding, while shifting the G α structure to an 'pre-activated' form, displays at least two conformational states for the carboxyl-terminus that are in slow exchange (τ ex > µs). These changes in the G α structure may both potentiate R* interactions and pre-organize the guanine nucleotide pocket. In the 'empty pocket' state following R* catalyzed release of GDP, pre-organization of the guanine nucleotide pocket would facilitate GTP binding to form G α (GTP)G βγ . Changes in the structure of the amino-terminal region of G α are suggested from the crystal structures of the heterotrimer (17, 18) , as well as fluorescent and site-directed spin labeling experiments (23) . Changes at the carboxyl-terminus are suggested from our NMR studies and light-scattering results in Ref. 52 , while those in the switch II region of the guanine nucleotide binding pocket are suggested by the NMR studies reported here. 
SUPPLEMENT FIGURE LEGENDS
/Mg
2+ bound form of G tα have been superimposed on the same sequence in the heterotrimer and are shown in blue and red, respectively. The backbone of these contact residues between G α and G β can be superimposed exceedingly well and results in only minor changes in the interfacial contacts. The overall positioning of this 'transition/activated' state of G α relative to G βγ is, however, quite different, resulting in a rotation of the helical domain of G α ~ 30 o towards the aminotermini of G βγ . This rotation brings residues from the helical domain of G α into closer contact with those from G βγ and may potentiate additional inter-subunit interactions that facilitate R* catalyzed GDP release (59, 60) . A change in the relative position of the amino-terminus of G α , with respect to G βγ , would also be expected to result from this rotation, but is not included in the model since the structure of the amino-terminus is not observed in the crystal structure of the GDP·AlF 4 -/Mg 2+ -bound form of G α . While this model does not directly support or contradict either the 'lever arm' (59) or 'gear shift' (60) models that have been proposed for R* catalyzed guanine nucleotide exchange, it is interesting to note that the closer packing between G α and G βγ observed in the model is consistent with the G αβγ subunit reorientation suggested by the 'gear shift' model (60) . In this model, the interaction of R* with the heterotrimer is postulated to induce guanine nucleotide exchange through a close packing of the G α and G β interface and creation of additional contacts between the helical domain of G α and amino-terminal region of G γ .
